To better understand interactions between the intracellular pathogen Legionella pneumophila and macrophages (Ms), host and bacterial determinants important for presentation of antigens on major histocompatibility complex class II molecules (MHC-II) were investigated. It was determined that immune CD4 T-cell responses to murine bone marrow-derived Ms (BMs) infected with wild-type L. pneumophila were higher than the responses to avirulent dotA mutant bacteria. Although this enhanced response by immune T cells required modulation of vacuole transport mediated by the Dot/Icm system, it did not require intracellular replication of L. pneumophila. Intracellular cytokine staining identified a population of immune CD4 T cells that produced gamma interferon upon incubation with BMs infected with wild-type L. pneumophila that did not respond to M infection with dotA mutant bacteria. Endocytic processing was required for presentation of L. pneumophila antigens on MHC-II as determined by a defect in CD4 T-cell responses when the pH of BM endosomes was neutralized with chloroquine. Investigation of MHC-II presentation of antigens by BMs infected with L. pneumophila icmR, icmW, and icmS mutants indicated that these mutants have an intermediate presentation phenotype relative to those of wild-type and dotA mutant bacteria. In addition, it was found that antigens from dot and icm mutants are presented earlier than antigens from wild-type L. pneumophila.
Naive T cells expressing a unique T-cell receptor become antigen-specific effector cells upon encountering a professional antigen-presenting cell that has a cognate peptide major histocompatibility complex (MHC) displayed on its surface (2) . Effector T cells play an important role in immunity to pathogens by producing factors that either upregulate cellular antimicrobial functions or that kill infected target cells that display a cognate peptide MHC (11, 20) . T cells producing the CD4 protein typically respond to peptides presented on MHC class II molecules (MHC-II), whereas a peptide-loaded MHC-I will stimulate T cells producing CD8. Most antigens loaded onto MHC-I are derived from proteins that have gained access to the cell cytosol, such as viral antigens or antigens released by bacterial pathogens that escape membrane-bound compartments and replicate in the cytosol of their host (21, 28) . In contrast, peptides loaded onto MHC-II are derived from antigens that are transported to lysosomes, such as those produced by organisms that remain in vacuoles that undergo endocytic maturation after internalization by an antigen-presenting cell (8, 11) .
There are many examples of intracellular pathogens that replicate in vacuoles that resist fusion with lysosomes (34) .
Paradoxically, the adaptive immune response mediated by CD4 T cells usually plays an important role in controlling infections by these pathogens (1, 29) . How immunoreactive antigens from these pathogens intersect the MHC-II presentation pathway for presentation to CD4 T cells is not known. Questions related to how these antigens are released, how they move through the cell, and how they are processed for presentation on MHC-II are of fundamental importance to understanding host immunity to vacuolar pathogens and in the eventual development of effective vaccines that will help prevent diseases resulting from infections by these organisms.
We have been using Legionella pneumophila as a model system to understand how adaptive immune responses are generated against pathogens that replicate in specialized vacuoles. L. pneumophila infections can result in a severe pneumonia in humans known as Legionnaires' disease (12) . The ability to multiply inside macrophages (Ms) is an important L. pneumophila virulence trait (17, 41) . To replicate intracellularly, L. pneumophila alters transport of the vacuoles in which the bacteria reside to evade delivery to lysosomes and transform their compartment into an organelle that resembles the endoplasmic reticulum (ER) (6, 9, 18, 19) . It is within this ER-derived organelle that bacterial multiplication occurs (15) . The ability of L. pneumophila to redirect vacuole transport within bone marrow-derived Ms (BMs) is dependent on the delivery of bacterial proteins into the host cell by a type IVb secretion apparatus (5, 7, 22, 25), which is encoded by the dot and icm genes (33, 39) . A subset of the proteins translocated by the L. pneumophila Dot/Icm system subvert host cell proteins involved in vesicle transport in the secretory pathway (9, 18, 25) , leading to the creation of a replicative organelle. Strains of L. pneumophila that lack the Dot/Icm secretion system due to mutations in the dot or icm gene fail to remodel their vacuole, resulting in transport to lysosomes (3, 32, 40) . At late stages of infection, L. pneumophila has been observed residing in vacuoles that have lysosomal properties, suggesting that additional maturation events may occur after establishment of an ERderived vacuole (35) . There is also evidence that the Dot/Icm system is involved in the process of egress of L. pneumophila from spent host cells (5, 24) .
Previous studies on the presentation of L. pneumophila antigens by dendritic cells (DCs) revealed that CD4 T cells from immunized mice respond better to DCs infected with wild-type L. pneumophila than to DCs infected with L. pneumophila dotA mutant (27) . Thus, the ability of L. pneumophila to evade lysosomal delivery after uptake was essential for the optimal presentation of bacterial antigens on MHC-II in DCs. To explain these results, it was hypothesized that there is a T-cell subset primed during infection that has the unique abilities to recognize and respond to antigens synthesized after L. pneumophila is internalized by DCs (27) . This hypothesis predicts that T cells produced during infection with wild-type L. pneumophila should also have the ability to recognize Ms infected with wild-type L. pneumophila and respond by producing cytokines, such as gamma interferon (IFN-␥), that can lead to M activation. In this study, we examined CD4 T cells produced during L. pneumophila infection and investigated their ability to respond to infected BMs. These studies reveal host and bacterial factors that are important for the presentation of L. pneumophila peptides on MHC-II after BM infection.
MATERIALS AND METHODS
Bacterial cultures. The L. pneumophila serogroup 1 strain, Lp01 (3), and the isogenic dotA (42) , icmW (42) , icmS and icmR (6) mutant strains, as well as mspA (26) , mspA dotA (26) , mspA lspE, and mspA dotA lspE (this study) mutant strains, were cultured on charcoal-yeast extract (CYE) agar (10) for 2 days prior to use in experiments. The thyA mutant strain used was Lp02, which is a thymidine auxotroph derived from Lp01 (3). Allelic exchange was used to delete the entire dotA gene from Lp02 to generate the thyA dotA mutant. These strains were grown on CYE agar with thymidine added to a final concentration of 10 g ml Ϫ1 . Where indicated, tissue culture medium was also supplemented with thymidine at 10 g ml Ϫ1 . Heat-killed bacteria were obtained by incubating a 1-ml suspension of 10 9 L. pneumophila at 80°C for 45 min. Construction of L. pneumophila lspE mutants. An in-frame deletion of the lspE gene was introduced into the L. pneumophila chromosome by allelic exchange as described previously (23) . To construct the lspE deletion, two DNA fragments were generated by PCR. Primer E1 (5Ј-GCGAGCTCAAATTACTCGCGGAC AAGG-3Ј) and primer E2 (5Ј-TATGGGTAATTTATTTGGTCATTTTTGAT G-3Ј) were used to generate a DNA fragment homologous to the 5Ј region of the lspE gene, and primer E3 (5Ј-AATGACCAAATAAATTACCCATACTTTAG C-3Ј) and primer E4 (5Ј-GCTCTAGATGAATTGCCAGGAAGTAAAG-3Ј) were used to generate a region of 3Ј homology. These two DNA fragments were combined by recombinant PCR using primers E1 and E4. The lspE deletion allele was ligated into the gene replacement vector pSR47S (23) and was introduced into L. pneumophila mspA and mspA dotA strains to make the mspA lspE and mspA dotA lspE mutants, respectively.
Cell cultures. BMs were derived from A/J mice (Harlan Sprague Dawley). Cultures of BMs were prepared as described previously (4) .
Intracellular growth and L. pneumophila uptake assays. Growth of L. pneumophila in BMs was measured as described previously (42) . Assays to determine uptake of bacteria at different multiplicities of infection (MOIs) were performed similarly. Briefly, L. pneumophila was added to BM cultures at the MOI indicated, and plates were centrifuged for 5 min at 300 ϫ g and warmed in a 37°C water bath for 15 min. Wells were then washed vigorously with ice-cold phosphate-buffered saline (PBS) to remove extracellular bacteria. For intracellular growth assays, fresh medium was added to the wells, and plates were returned to the incubator. Lysates from individual wells were prepared at the times indicated after infection and plated on CYE to determine the number of bacterial CFU.
Assays to measure presentation of L. pneumophila antigens. A/J mice were immunized with L. pneumophila to generate immune CD4 T cells as described previously (27) . Briefly, mice were immunized with 10 6 L. pneumophila intraperitoneally and given similar booster doses 2 weeks later. Mice were sacrificed 1 week after the booster dose, and CD4 T cells were positively selected from the spleen using Miltenyi Biotech CD4 magnetic beads. Pooled CD4 T cells from three immunized mice were used in each experiment. Experiments shown in each figure were internally controlled, using the same pool of CD4 T cells. Independently derived pools of CD4 T cells could vary in the magnitude of their response to BMs infected with wild-type L. pneumophila, but the fold difference in their response compared to BMs infected with L. pneumophila dotA mutant was consistent.
To measure MHC-II presentation by BMs, 10 5 BMs were added to each well in 96-well flat-bottom tissue culture plates. BMs were infected with L. pneumophila at an MOI of 20, unless otherwise indicated. After the addition of L. pneumophila, plates were centrifuged at 300 ϫ g for 5 min to enhance contact of the bacteria with the BMs. The plates were then warmed in a 37°C water bath for 15 min, before extracellular bacteria were removed by washing the wells three times with PBS. T cells (4 ϫ 10 5 ) were added to each well in T-cell medium (RPMI 1640 containing 10% fetal bovine serum, 1% minimal essential medium nonessential amino acids, 1% minimal essential medium essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 M ␤-mercaptoethanol, 10 mM HEPES [pH 7.55]). Tissue culture medium, supplements, and fetal bovine serum were obtained from Gibco. After 48 h of incubation, T-cell responses were measured by determining the amount of IFN-␥ present in these cultures using an enzyme-linked immunosorbent assay (Pharmingen). Data are the average IFN-␥ concentrations Ϯ standard deviations (error bars) for three independent wells. Where indicated, bacterial protein synthesis was inhibited by the addition of chloramphenicol to a final concentration of 6.25 g ml Ϫ1 , and chloroquine was added to the medium to a final concentration of 40 M to neutralize the pH of endocytic compartments.
Isolation of L. pneumophila supernatant proteins. L. pneumophila bacteria were grown in 100 ml of ACES-yeast extract (AYE) broth (10) in 1-liter flasks at 37°C with aeration until they reached stationary phase. Cultures were centrifuged twice at 10,000 ϫ g for 20 min to remove bacterial cells. Proteins in the culture supernatant were precipitated with ammonium sulfate, using an initial cut at 20% saturation and a final cut at 80% saturation. Precipitated protein was dissolved and dialyzed extensively against PBS. Protein concentrations were determined by using a Bradford assay kit (Bio-Rad). For antigen presentation assays, protein concentrations were normalized, and equal volumes were added to give a final concentration of 10 g ml Ϫ1 in the BM tissue culture medium. After the cells were incubated overnight, cytokine secretion was blocked by the addition of Golgi-Plug. Cells were incubated for an additional 5 h in the presence of Golgi-Plug. Cells were stained for the CD4 surface marker using a fluorescein isothiocyanate-conjugated anti-CD4 antibody (Pharmingen catalog no. 557307). Cells were then permeabilized in Cytofix/Cytoperm and stained for intracellular IFN-␥. Cell staining levels were determined by flow cytometry, and data were analyzed using Cell-Quest software on an Apple Macintosh G4 computer.
Statistical analysis. Values were analyzed by a Student's two-tailed t test for statistical significance.
RESULTS AND DISCUSSION
An optimal response by immune CD4 T cells requires establishment of an ER-derived vacuole but not replication of L. pneumophila in BMs. L. pneumophila-specific CD4 T cells isolated from immunized mice have previously been shown to produce more IFN-␥ when they were incubated with BMs infected with wild-type L. pneumophila that establish an ERderived organelle than when they were incubated with BMs infected with a dotA mutant strain that moves directly to lysosomes (27) . It is possible that this difference in the response of CD4 T cells to BMs is due in part to an increased antigen load in the infected cells resulting from multiplication of wildtype L. pneumophila. To determine whether L. pneumophila replication within BMs influences the magnitude of this Tcell response, isogenic strains derived from a thymidine auxotroph were used. L. pneumophila thyA mutants create an ERderived vacuole after host cell uptake but are unable to replicate proficiently unless exogenous thymidine is added to the tissue culture medium (3).
It was determined that the number of L. pneumophila internalized by BMs increased proportionally as the MOI was increased from 0.1 to 100 (Fig. 1A) . Even though the uptake curve for the thyA dotA strain of L. pneumophila, which lacks a functional Dot/Icm system, was comparable to the curve for the isogenic thyA strain with a functional Dot/Icm system, IFN-␥ production by L. pneumophila-specific T cells showed a dose-dependent increase only for BMs infected with L. pneumophila producing a functional Dot/Icm system (Fig. 1B ).
These data demonstrate that the response of immune CD4 T cells to a L. pneumophila dotA mutant that moves to lysosomes cannot be enhanced significantly by simply increasing the antigen load.
The dose-dependent increase in the response of CD4 T cells to BMs infected with the L. pneumophila thyA mutant could have resulted either from an increase in antigen load or from an increase in the number of BMs infected. If antigen load were the primary reason for this increase, then restoring the ability of the thyA mutant to replicate proficiently within infected cells should also increase the L. pneumophila-specific CD4 T-cell response. When intracellular growth to the thyA mutant was restored through the addition of thymidine to the tissue culture medium, the magnitude of the L. pneumophilaspecific T-cell response did not change significantly (Fig. 1C) . These data indicate that the dose-dependent increase in the CD4 T-cell response observed for this strain is due to an increase in the percentage of BMs infected, not a higher bacterial load in each infected cell.
BMs infected with wild-type L. pneumophila stimulate a higher percentage of immune CD4 T cells than BMs infected with dotA mutants. The increase in IFN-␥ production observed for immune CD4 T cells that were incubated with BMs infected with wild-type L. pneumophila could result from stimulation of a subset of T cells that do not respond to antigens presented by BMs infected with dotA mutants. Alternatively, this enhanced response could result from a single subset of T cells producing more IFN-␥. To distinguish between these two possibilities, the number of responding T cells was determined by flow cytometry after incubation of CD4 T cells with BMs infected with either wild-type L. pneumophila or the L. pneumophila dotA mutant strain (Fig. 2) . These data show that as determined by intracellular IFN-␥ staining, the number of T cells responding was greater after incubation with BMs infected with wild-type L. pneumophila than after incubation with BMs infected with dotA mutants. There was roughly a threefold increase in the number of T cells that stain positive for IFN-␥ when BMs infected with wild-type L. pneumophila were compared to BMs infected with dotA mutants. Thus, nearly two-thirds of the L. pneumophila-specific T cells in this population of immune effectors fail to respond to BMs infected with L. pneumophila dotA mutants. These data demonstrate that there is a subset of immune CD4 T cells that respond only to L. pneumophila with the capacity to evade fusion with lysosomes and establish an ER-derived vacuole.
L. pneumophila antigens presented on MHC-II require processing in acidified endocytic organelles. MHC-II are translocated into the ER during synthesis and are then transported sequentially through the secretory and endocytic pathways to lysosomes. Nonself peptides presented on MHC-II are typically derived from exogenous antigens processed in acidified endocytic organelles (14) . Given that L. pneumophila resides in a nonendocytic ER-derived organelle, two possibilities exist for how MHC-II acquire L. pneumophila antigens. One possible mechanism for presentation involves the loading of MHC-II with L. pneumophila antigens directly in the ER, bypassing the need for an acidified endocytic intermediate. The other possibility is that L. pneumophila antigens are delivered to acidified endocytic organelles for processing and MHC-II presentation. To address the mechanism of L. pneumophila antigen processing, chloroquine was used to neutralize the pH of endocytic compartments to prevent the processing of antigens in these organelles.
These data show that the CD4 T-cell response to BMs infected with wild-type L. pneumophila was severely impaired upon the addition of chloroquine to the tissue culture medium (Fig. 3A) . Chloroquine and the bacterial protein synthesis inhibitor chloramphenicol both interfered with MHC-II presentation of antigens after BM infection by wild-type L. pneumophila. The concentration of chloroquine used to inhibit antigen processing in endocytic compartments did not affect the multiplication of L. pneumophila within BMs (Fig. 3B) , which indicates that chloroquine is not directly interfering with trafficking or the formation of the ER-derived organelle in which L. pneumophila replicates. Chloroquine interfered with CD4 T-cell responses when it was added to the culture medium at the time of L. pneumophila infection, but it did not affect the response when added 18 h postinfection (Fig. 3C ) when T cells were added to the assay. These data indicate that chloroquine is preventing the processing and presentation of L. pneumophila antigens on MHC-II and not interfering with IFN-␥ secretion by immune T cells.
From these data, we conclude that acidified endocytic organelles play an important role in the processing of L. pneumophila antigens that are produced intracellularly by bacteria that create an ER-derived vacuole. The pathway antigens travel for delivery from an ER-derived vacuole to an acidified lysosome remains unknown. One possibility is that vacuoles containing replicating L. pneumophila eventually fuse with lysosomes. Consistent with this hypothesis, a previous study using murine BMs found that during the late stages of infection, a high percentage of vacuoles containing replicating L. pneumophila stain positive for lysosomal markers (35) . Direct fusion of a replicative vacuole with lysosomes would result in the processing and MHC-II presentation of both secreted and somatic proteins produced intracellularly by L. pneumophila. A second possibility is that vesicles containing proteins shed from or secreted by L. pneumophila may exit the ER-derived compartment occupied by L. pneumophila and intersect the endocytic pathway for MHC-II processing and presentation. This would restrict the presentation of somatic antigens and enhance presentation of an antigen subset that would be displayed preferentially by BMs infected with wild-type L. pneumophila. These two pathways would not be mutually exclusive and may both be contributing antigen for presentation on MHC-II.
Optimal stimulation of immune CD4 T cells requires that the L. pneumophila-containing vacuole evade fusion with lysosomes after uptake and be converted into an ER-derived organelle. Immune CD4 T-cell responses were measured after infection of BMs with dot and icm mutants with distinct phenotypes to further investigate how Dot/Icm-dependent signaling processes might influence presentation of L. pneumophila antigens on MHC-II. Similar to dotA mutants, L. pneumophila icmW and icmS mutants reside in vacuoles that fuse rapidly with lysosomes (6, 42) . These mutants are unable to replicate in BMs, but the Dot/Icm system is only partially defective in these mutants. L. pneumophila icmS and icmW mutants retain a Dot/Icm-dependent activity that forms pores in the host cell membrane and have the ability to recruit ERderived vesicles to their vacuole membrane (6, 42) . When examined for antigen presentation, the magnitude of the immune CD4 T-cell response to BMs infected with either the icmS or icmW mutant was greater than the response to BMs infected with the dotA mutant but was not as robust as the response detected to BMs infected with wild-type L. pneumophila (Fig. 4A ). This intermediate response was insensitive to chloramphenicol treatment but was inhibited by chloroquine. These data suggest that either the recruitment of ERderived vesicles or the pore-forming activity retained by the icmS and icmW mutants enhances presentation of L. pneumophila antigens to immune CD4 T cells after the rapid delivery of these mutants to lysosomes.
Although icmR mutants of L. pneumophila are also defective for growth in BMs, the kinetics of endocytic maturation for the vacuoles in which they reside is slower than for the vacuoles in which dotA or icmS or icmW mutants reside (6) . Previous studies indicate that a small subset of the vacuoles containing icmR mutants will permit limited L. pneumophila replication in BMs prior to their fusion with lysosomes (6). Unlike icmS or icmW mutants, the icmR mutants are unable to form pores in the host plasma membrane, and they appear to be unable to recruit ER-derived vesicles to their vacuole membrane (6, 37) . Similar to what was observed using icmS and icmW mutants, the magnitude of the immune CD4 T-cell response to BMs infected with icmR mutants was at an intermediate level compared to responses detected to BMs infected with wild-type L. pneumophila and dotA mutant L. pneumophila (Fig. 4A) . The immune CD4 T-cell response to BMs infected with icmR mutants was sensitive to chloroquine treatment and dropped slightly when bacterial protein synthesis was inhibited with chloramphenicol. These data are consistent with limited de novo synthesis of proteins intracellularly by icmR mutant bacteria leading to a slight enhancement of MHC-II antigen presentation after fusion of their vacuoles with lysosomes. We next examined the kinetics of antigen presentation to determine whether MHC-II processing was more rapid after BM infection with mutant L. pneumophila that are unable to avoid fusion with lysosomes after uptake. For these studies, BMs were infected, and antigen processing was interrupted at 4-h intervals by the addition of chloroquine to the culture medium (Fig. 4B) . These data show that antigen presentation had peaked for dot and icm mutants within 8 h of infection. After infection with wild-type bacteria, L. pneumophila-specific T-cell responses were slightly lower at 4 h than the responses to the icm mutants, but they were higher than the responses observed for the dot and icm mutants at later time points.
Previous studies using immunofluorescence microscopy to analyze L. pneumophila trafficking in BMs indicate that most vacuoles containing dot or icm mutants have undergone fusion with lysosomes either within a few minutes or within 2 to 4 h for the icmR mutants (6, 32, 40) , which would be consistent with the peak in MHC-II presentation we observe for these mutants at 8 h postinfection. In contrast, the majority of vacuoles containing wild-type L. pneumophila are devoid of lysosomal markers during the first 10 to 12 h of infection (16) . Interestingly, it was reported previously that a high percentage of replicative vacuoles stain positive for lysosomal markers in BMs infected for more than 12 h with wild-type L. pneumophila (35) , which is consistent with our observation that peak MHC-II presentation after infection of BMs with wild-type L. pneumophila occurs at later time points (Ͼ8 h). Thus, these data indicate that there is a correlation between the kinetics of lysosome fusion observed for vacuoles containing L. pneumophila and the kinetics of antigen presentation.
Protein secretion by the L. pneumophila Lsp system is important for priming of CD4 T cells in vivo but not for immune CD4 T-cell responses ex vivo. The L. pneumophila lsp genes encode a type II protein secretion system that can deliver bacterial proteins across the bacterial outer membrane (13) . Unlike type IV systems, type II secretion systems are not involved in the direct transfer of bacterial proteins across a host membrane. Proteins secreted by the Lsp system might move out of the lumen of the L. pneumophila-containing vacuole and be delivered to lysosomes where they would become available for presentation on MHC-II. Thus, proteins secreted by the Lsp system could constitute a subset of antigens that are important for stimulation of immune CD4 T cells after infection of BMs with wild-type L. pneumophila. To determine the contribution of the Lsp system on MHC-II presentation of L. pneumophila antigens, an lspE mutant was characterized for its abilities to prime T-cell responses in vivo and MHC-II presentation ex vivo.
To determine whether the Lsp system is important for the priming and response of CD4 T cells, mice were immunized with wild-type L. pneumophila, an isogenic mspA lspE mutant, or heat-killed wild-type L. pneumophila. Responses from these immune CD4 T cells were then measured after infection of BMs with wild-type L. pneumophila, a mspA mutant, a mspA lspE mutant, and a mspA lspE dotA mutant (Fig. 5A) . The mspA gene encodes an L. pneumophila protease that is secreted by the Lsp secretion system (13). Because MspA is responsible for the degradation of L. pneumophila proteins secreted into broth culture (26, 36) , mspA mutants were used to diminish the possibility that other substrates secreted by the Lsp system would be rapidly degraded. CD4 T cells isolated from mice immunized with wild-type L. pneumophila gave responses to BMs infected with either a mspA mutant or a mspA lspE mutant that were similar to the responses observed for BMs infected with wild-type L. pneumophila. These data indicate that protein secretion by the Lsp system is not required for stimulation of immune CD4 T cells.
Interestingly, compared to the CD4 T cells from mice immunized with wild-type L. pneumophila, it was found that the CD4 T cells from mice immunized with the mspA lspE mutant were slightly less responsive to BMs infected with wild-type L. pneumophila, the mspA mutant, or the mspA lspE mutant, though this difference did not reach statistical significance (P value of 0.065). These data indicate that the Lsp system may be Although substrate proteins of the Lsp system are not secreted by an lspE mutant (30), they are still produced by this mutant and would become available for MHC-II presentation if intact L. pneumophila were degraded in lysosomes. To directly address whether Lsp substrates are major antigens recognized by immune CD4 T cells, secreted proteins were isolated from supernatants of wild-type L. pneumophila or dotA, mspA lspE, and mspA lspE dotA mutant strains grown in broth. These supernatant proteins were then added to BM cultures, and the responses of CD4 T cells isolated from mice immunized with wild-type L. pneumophila were measured (Fig. 5B) . Proteins added directly to cultures of Ms are internalized by fluid-phase endocytosis, transported along the endocytic pathway to lysosomal compartments, processed, and loaded onto MHC-II (38) . The CD4-mediated T-cell response did not diminish in response to L. pneumophila supernatants when proteins secreted by the Lsp system were eliminated. These data demonstrate that proteins secreted by the Lsp system were not required for maximal stimulation of immune CD4 T cells, consistent with the observation than CD4 T cells respond equally well to Ms infected with the mspA mutant strain and the mspA lspE mutant strain. From these data, we conclude that Lsp substrate proteins are not the major antigenic determinants of the CD4-mediated immune response generated during L. pneumophila infection, although their role in the process of priming of the T-cell response in vivo has yet to be determined.
In summary, these studies have defined events that are important for the presentation of L. pneumophila antigens on MHC-II after M infection. Establishment of the unique ERderived vacuole that provides an initial safe haven for L. pneumophila within the M is clearly important for optimal stimulation of immune CD4 T cells. Flow cytometry data indicate that a subset of CD4 T cells primed during infection recognize antigens presented preferentially by L. pneumophila that reside within this specialized organelle. The finding that acidified endocytic organelles are required for MHC-II presentation of L. pneumophila antigens indicates that lysosomal degradation plays an important role in processing of the antigens that are presented by infected Ms. How antigens are delivered from the ER-derived vacuole to lysosomes remains unknown. It does not appear as if antigens secreted into the vacuole lumen by the Lsp system constitute the primary determinants of the adaptive CD4-mediated immune response against L. pneumophila. It is possible that a subset of immune CD4 T cells recognize unique L. pneumophila determinant that are produce intracellularly, but additional studies are required to identify antigens recognized by L. pneumophila-specific immune T cells. Determining the regulation, subcellular localization, and genetic requirements for presentation of these antigens should provide important details on the process by which L. pneumophila proteins become available for presentation on MHC-II.
